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ABSTRACT

We present an experimental way how to produce extremely narrow polymer fibers using photopolymerization. Such fibers
solidify in the high intensity regions of nondiffracting zero-order Bessel beam from the solution of UV cured resin. Bessel
Beams are particularly suitable for this purpose because of their narrow high intensity core and long axial region of uniform
intensity. The width of the created polymer fiber is strongly dependent on the properties of the Bessel beam, used laser
power and curing time. Fibers wide 2 pm were created and their length exceeded 1 cm. This length several times exceeded
the axial region of the Bessel beam existence due to self-writing waveguide mechanism.
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1. INTRODUCTION

Recently the microfabrication technology using photopolymerization has been intensively studied, improved, and used in
development of microstructures'™ and nanostructures®, new types of micromachines®”’, photonic crystal®"’, etc. Special type
of applications represents fabrication of polymer fibers or microstructured polymer fibers'>'®. When a polymer fiber grew at
the end of an optical fiber an interesting phenomena of self-writing has been described'”'® and extensively studied
theoretically and experimentally'**.

Non-diffracting beam can be an example of non-classical beam that was proposed by Durnin®' and nowadays it plays an
important role in many branches of the optics. The main reasons are that its width does not spread® during propagation and
can even possess orbital angular momentum (optical vortex). The simplest example of these beams is so called Bessel beam
(BB) because its lateral intensity profile is described by the first class Bessel function of the zero order. This beam formed
behind an axicon illuminated by a Gaussiam beam (GB). BBs have been used in many unique applications™ like
microparticle guiding and delivery**?*, microparticle and living cells sorting®®, and atom guiding?’.

2. THEORY

2.1. Bessel beam

In real circumstances it is not possible to obtain a beam that does not change its lateral properties over infinity range of
propagation. In the case of the GB incident on an axicon the following scalar form of the spatial light intensity distribution
in the BB can be used™:
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where @is the polar angle between propagation axis of the BB and the plane waves wave-vectors forming the BB behind the

axicon (see Fig. 1):
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where o is the apex angle of the axicon, n, is the refractive index of the axicon and n,, is the refractive index of the
surroundings medium, % is the wavenumber of the beam in the medium, P is the power of the GB incident on the axicon, w
is the half-width of the GB at the axicon, and z,,,, is the maximum propagation distance expressing the axial range where the
BB exists:
cos®
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In the lateral plane the highest light intensity is at the centre of the BB. Let us define the radius of the BB core (RBBC) as
the radial distance from the beam centre to the first intensity minimum done by:
- 2.4048 4
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Using the commercially available axicons the resulting RBBC is too wide for our purposes and therefore a telescope made
from lenses L1 and L2 (see Fig. 1) is used to decrease it. The intensity of the BB passing through the telescope can be
rewritten in the new coordinate system z', r' (see Fig. 1):
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where the parameters of the new BB are transformed as:
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where M=12/fI is the magnification of the telescope and f7 or f2 is the focal length of the lens L1 or L2, respectively, T is
the transmissivity of the telescope.
The narrow BB is formed inside a cuvette filled with a fluid of refractive index n,. The previous results assumed the beam
propagates in the air, therefore using the Snell's law for refraction into the fluid sin&),=sin8/n, the following form of BB
maximal propagation distance should be considered in the fluid:
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2.2. Photopolymerization

Compared with classical light or electron lithography, the virtue of photo-polymerization or two-photon photo-
polymerization (TPP)' lies in its capability to make three-dimensional micro-devices”. This property has found applications
in photonic devices and micro-machines with feature sizes close to diffraction limits**’. Commercially available resin,
consisting of monomers and oligomers as well as photoinitiators, is transparent to near-infrared wavelengths and allows
them to penetrate deeply. When a resin absorbs a photon of proper wavelength (usually from UV region of spectra), the
resultant radicals cut the double bonds of carbons in the acrylic groups in the monomers and oligomers and successively
create new radicals at the ends of the monomers and oligomers. The radical combines with another monomer and the
process becomes a chain reaction until the chained radical meets another chained radical'.
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The same chain reaction can be initiated if two visible photons, instead of one UV photon, are absorbed (so called two-
photon absorption). Two-photon initiated laser polymerization has been shown to provide the means for two- and three-
dimensional micro-fabrication with a much higher spatial resolution than conventional one-photon polymerization, because
the process depends quadratically on the laser pulse energy. Therefore, only that laser beam region, where the intensity is
the highest, initiates the polymerization. By scanning the laser focus according to pre-programmed patterns, designs can be
faithfully replicated to matter structures.

3. EXPERIMENTAL SETUP AND RESULTS

3.1. Experimental setup
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Fig. 1. Optical setup for creation polymer fiber by photopolymerization and by Bessel beam.

Figure 1 show the principle setup that was used for microfibres fabrication by means of photopolymerization and Bessel
beams. The GB from continuum laser (Verdi 5W, Coherent, A = 532 nm, maximal power 5.5 W) was transformed by axicon
into Bessel beam. The core of this Bessel beam was decreased by a telescope formed by lens L1 and lens L2. Quality of the
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Bessel beam was observed by an objective (Mitutoyo M Plan Apo SL 80X) and a CCD camera (CCD camera Kampro KC-
381CGQG). Solution of monomer NOA 63 (UV light indurate optical glue Norland NOA 63, index of reflection 1.56, maximal
absorption for A < 340 nm, minimum energy for indurate 4.5 Jem™ = 0.045 pJum?) is placed in cuvette. The cuvette was
made from duralumin. Its cross-section was a square (side 5 mm) with two perpendicular circular open holes. These holes
were covered by a microscope cover glass. The cuvette is mounted on 3D micro-positioning stage. Polymer fiber grows in
the central core of the BB if the monomer is exposed by a BB. The created polymer structures were observed by the long-
working-distance microscope objective (Mitutoyo M Plan Apo SL 50X) and a CCD camera (Kampro KC-381CG or IDT X-
StreamVISION XS-3). We developed a technique how to extract the fibers out from the solution and carry them to a
different medium or place. Optical fiber was placed on monomer solution across the central part of BB. Created fiber was
stuck on optical fiber on front or lateral side and mechanically pulled out of the solution, washed by acetone and transferred.
Measurement of diameter of the fiber was provided by the environmental scanning electron microscope Aquasem-Vega
(ESEM, operator Ing. V. Ned¢la) under the high pressure conditions and without metallic coating.

3.2. Results

We study a diameter of the created fiber depending on properties of telescope’s lenses (L1 and L2). We used axicon (Eksma
130-0270) with cone angle o= 170" and refractive index n,= 1.52 and a few different telescopes (see Fig 2.). Theoretical
results are calculated by Eqs. (6 and 7). The differences between theoretical and experimental results follow from the not
sufficient incident laser power to initiate polymerization in the whole area of the central core. The length of the created fiber
(Lsiper) was determined from the side-view of the CCD camera but for wider BBs (B and C columns in Fig. 2) the length of
the fiber was limited by the dimensions of the used cuvette.

f1 =60 mm, f2 =8 mm
2r, =1.3% 0.1 um

f1 =30 mm, f2=19 mm
2r; =43+£0.3 um

f1 =19 mm, f2 = 30 mm
2r, =12.6 £ 0.9 um

2r,,=1.2um (- 2r's=5.72 um 2r'y, = 14.2 um
Z',., = 0.653 mm et 2 Z', 0, =15 mm 2,0 = 94 mm
Ay = 1.7 20.2 um MM d..=20%01pum Ay, = 2.8 % 0.1 um
Lize =~ 1.75 mm Ly ~ 15 mm Ly, > 10 mm

Fig. 2. Top row: ESEM image of the polymer fibers. In all three cases we used the same output laser power 3 W giving laser
power 1.5 W in the cuvette. Botfom row: Lateral intensity profiles of three types of generated BBs with different diameters
of the BB cores (2 rg). Corresponding parameters of the set-up, created fiber diameter (ds.,), and its length (Ly,.).

_=

Fig. 3. ESEM images of the left (A), middle (B) and right (C) part of one fiber long 15 mm (see the column B in Fig. 2.). Each
of the image rows keeps the same scale but uses different magnifications to demonstrate the fiber homogeneity. The
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picture D demonstrates crossing of fibers lying on the surface of the optical fiber. The polymer fibers were free and could
be rearranged by a micromanipulator. Contaminations on the surfaces evolved during the washing and transport of the

sample to the ESEM.

We used a different setup where the BB z',,,.7, was short enough to observe both - the whole BB and the manufactured fiber
by the CCD from a side. The setup consisted of the axicon with the apex angle o = 179.065° and a combination of lenses
with focal lengths /1 = 500 mm and f2 = 8 mm. The generated BB had the following parameters: 2r's ~1.5 pm and z',a1,
~100 um. The top plot in Fig. 4 shows the calculated on-axis intensity profile in the BB using Eq. 5 and the images bellow
show the side view of the created fiber if the image background at zero time was subtracted. Obviously the fiber grew
asymmetrically with respect to the high intensity part of the BB. This also proves that the self-writing mechanism prolongs
the fiber in the direction of the BB propagation.
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Fig. 4. Formation of the polymer fiber in the short BB. The BB core radius was 0.8 um and the maximum propagation distance
of the BB was about 100 um. The laser power in the cuvette was 90 mW. The top plot shows the calculated on-axis
intensity profile of the BB for the parameters used in the experiment.

4. CONCLUSION

In this paper we presented an experimental way how to produce extremely narrow polymer fibers using
photopolymerization and Bessel beam. The width of the created polymer fiber is strongly dependent on the properties of the
Bessel beam, used laser power and curing time. We demonstrate to create polymer fibers with wide 2 um and length
exceeded 1 cm. This length several times exceeded the axial region of the Bessel beam existence due to self-writing
waveguide mechanism. Visualization of the fibers by environmental scanning electron microscope reveals that their surface
is smooth and width is uniform along the fiber length.
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